- . . .

¥
&

R * B e S e MFENM e o
f ;
| construction 3
3 t 1 TECHNICAL REPORT M-171 K
englneerlng November 1975
research Hardness Assurance Assessment
| |aboratory
RF1 SHIELDING EFFECTIVENESS OF STEEL SHEETS WITH
m PARTLY WELDED SEAMS
@p)
o /
v
=
j é
— by
,/ E. M. Honig, Jr.
e 9
I nDeC
“a e
\' an 29 1976
A
g
’ l‘ll L i
E=ni
Approved for public release ; distribution unlimited. “9;
=

A R i N TS e R T
SRR SR RS PR



T S ¢SRS

P

k
¢
)

ek MR S

4 me e aee CE RLh e b

The contents of this report are not to be used for advertising, publication, or
promotional purposes. Citation of trade names does not constitute an
official indorsement or approval of the use of such commercial products.
The findings of this report are not to be construcd as an official Department
of the Army position, unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN IT IS NO LONGER NEEDED
DO NOT RETURN IT TO THE ORIGINATOR

R — T T e

s



UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Data Enterrd)

?
4
;

REPORT DOCUMENTATION PAGE

READ INSTRUCTIONS
BEFORE COMPLETING FORM

- REP " 2. GOVY ACCESSION NO,| 3.

CERL-TR-M-171 /

T e

£7)

RECIPIENT'S CATALOG NUMBER

R ~m——m:f'{-"rﬁﬁu7 I EOR——

ZE\j RET SHIELDING EFFECTIVENESS OF‘STEEL §HEETS NITH

&8 RIOD COVERED
FINAL /'éjlj >, ;

PARTLY WELDED SEAMS .

/ 4— i
v —— e —————_ S ———. . i e B e

6. PERFORMING ORG. REPORT NUMBER

CONTRACT OR GRANT NUMBER(s)

e a3 i i e

/7 E. M. Honig, Jr
’—/&.‘ﬂ *

.

7. e
7. _AUTHOR(a)— 7

PERFORMING ORGANIZATION A

> CONSTRUCTION ENGINEERING
P.0. Box 4005
Champaign, IL 61820

ND A RESS
RE EA CH LABORATORY ~———rl

/i) DA- %;6211@80211-003

NIT NUMBERS

R e e e R PR g S Dt

11. CONTROLLING OFFICE NAME AND ADDRESS

'./' §-4-10°1445%

’*/J" =

/| Nov

ﬁJ i) 27

NUMBER OF PAGES

Lentzolifng Ottice) 15, SECURITY CL ASS. (of thia report)

Unclassified

152, DECL ASSIFICATION/ DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

o e

i ; Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abatract entered in Block 20, if d!llerent from Report)

18. SUPPLEMENTARY NOTES

i
! Springfield, VA 22151

Copies are obtainable from National Technical Information Service

e
—m o

' 19. KEY WORDS (Continue on reverse side il necessary and identify by block number)
! shielding effectiveness

weld defects
e]ectromagnet1c shielded enclosures

20. ABSTRACT FContinue on reverse side if necessary and identify by block number)

sl

ot o S
T

This report presents the results of an investigation to determine the effect of six forms
of incomplete welds containing slots and holes on the shielding effectiveness of shielded
enclosures. The test specimens were butted plates and slotted plates (with and without
tacked backing strips), wide-slot plates, and drilled plates. The plates were subjected to
radio frequency interference (RFI) radiation from nominally 10 kHz to 10 GHz in fre-
quency. Shielding effectiveness as a function of flaw size was determined for each defect
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are limiting, or worst, cases of cracks and porosity respectively, the critical flaw sizes de-
termine the sizes of the cracks and porosity in welds that are not cost<ffective 1o repair.

Results showed that weld scams having unwelded, but tightly butted, lengths up 10 44
in. (11.43 cm) afford at least 60 dB shiclding effectiveness at all test frequencies. Slots of
finite width seriously compromise shielding by acting as resonant radiators. Backing strips
tacked (without burn-through) over welded seams have minor effect on shielding effective-
ness. Holes up to 0.3 in. (0.762 ¢cm) can be tolerated at all test frequencies since at least
60 dB shiclding effectiveness is maintained.
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FOREWORD

This investigation was performed for the Directorate of Military Construction. Office
of the Chief of Engineers (OCE), under Project 4A162118A880, “Nuclear Construction
and Engineering”; Task 11, “Advanced BMD Facilities, Engineering Design Criteria™:
Work Unit 003, “Hardness Assurance Assessment.”” The OCE Technical Monitor was Mr.

D. S. Reynolds.

This investigation was performed by the Metallurgy Branch, Materials Systems and Sci-
ence Division (MS), US. Army Construction Enginecring Research Laboratory (CERL).
CERL personnel directly involved in the study were Mr. F. H. Kisters and Dr. E. M. Honig,
Jr. of the MS Metallurgy Branch; Messts. R. McCormack, P. Nielson, J. Simon, and M. J.
Pollock of the Electro-Mechanical Branch, Facilities Engineering and Construction
Division; and Mr. H. Stringfellow of the Support Office Technical Services Branch.

Dr. R. Quattrone is Chief of the Metallurgy Branch and Dr. W. E. Fisher is Acting

Chief of MS. COL M. D. Remus is Commander and Director of CERL, and Dr. L. R.
Shaffer is Dzputy Director.
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RFI SHIELDING EFFECTIVENESS OF
STEEL SHEETS WITH PARTLY WELDED
SEAMS

1 iNTRODUCTION

Background

Current specifications, largely unsupported by ex-
perimental data, require weld seams in electromagnet-
ically shielded facilities to be radiographically defect-
free. These specifications have necessitated spending
$1,000,000 for inspection and weld rework at SAFE-
GUARD missile sites. In a study of the effect of weld
defects on the shielding effectiveness of shiclded en-
closures containing welded seams, Carlson found that
weld seams having weld defects under a critical size
could provide adequate shielding effectiveness, and
that repair uf such seams was an unnecessary expense.'
He suggested that ihe effect of crack (or slot) width
and length on shielding effectiveness be evaluated in a
future study that would determine critical sizes for
classes of defects and would investigate circumstances
in which a flaw might act as a resonaat antenna.

Objective

The objectives of this study were twofold: to deter-
mine the effect of certain large welding defects on the
shielding effectiveness of steel plates; and to determine
the critical size below which cracks and porosity in
welds do not degrade shielding effectiveness below
specifications and are thus uneconomical to repair.

Approach

Welded steel panels containing through-thickness
slots and holes of varying sizes in welds were tested
for shielding effectivness in a high-quality shielded en-
closure. These defects were considered as limiting, or
worst, cases of cracks and porosity in welds. The tests
for each panel covered a frequency range from 10 kHz
to 9.5 GHz. Degradation of shielding effectiveness as a
function of disturbance size and geometry was noted.
Applying specifications for minimum shielding effec-
tiveness as a function of frequency to these data pro-
duced critical sizes for each of the aperture geometries.

The slot lengths chosen were multiples of the quar-
ter-wavelengths of the higher radio frequencies trans-
mitted through the test panels into the shielded enclo-

k. w. Carlson, The Effect of Weld Defects on RFI Shield-
ing Effectiveness, Technical Report M43/AD773716 (Con-
struction Engineering Research Laboratory [CERL]. January
1974).

sure. If incident radiation has wavelength A, and slot
length is A/2, the slot can act as a resonant cavity of
the first order. An Nth order cavity results from slots
of length NA/2. It was hypothesized that anti-reso-
nance might result from a slot of length A/4. Such a
condition, if obtainable, could produce a sharp rise in
shielding cffectivencss as a function of slot length, con-
trasting with the sharp drop produced by resonance.
To test the resonance and anti-resonance concepts,
some slot lengths were made equal to the resonant wave-
lengths (even muitiples of A/2), while others were made
equal to odd multiples of A/4. The resonant slots can
also be considered as waveguides for the fundamental
transverse-electric (TE) rectangular waveguide mode,
TE,,. The null index indicates a wave propagation
through a slotlike waveguide.

Through-plate holes in resonant sizes were also
desired. Since determination of resonant size for holes
is mathematically more sophisticated than for slots,
the holes were likened to circular waveguides, and cer-
tain hole diameters were chosen for resonance in low-
order transverse-clectric (TE) and transverse-magnetic
(TM) circular waveguide modes.

2 PROCEDURE

Specimen Fabrication

Each specimen was composed of two 1l-gage
(approximately 1/8 in. or 0.32 cm thick), 8 in. x 24
in. (20.32 cm x 6096 cm), low-carbon steel panels
butted together and gas-metal arc welded, Slot flaws
were made by leaving an unwelded seam of the desired
length in the central portion of the weld line (Figure 1).
Contraction of the adjacent weld metal during cooling
kept the contiguous unwelded edges of each specimen
tightly butted. Welds were made in a single pass from
the side of the panel that was intended to face the
shielded enclosure. Full penetration welds were made,
and excess weld metal was ground off. Each weld was
radiographed to insure that no effective flaws except
the implanted one existed. The side of the panel con-
taining the weld crown was then flame-sprayed with tin
to a thickness of about 0.01 in. (0.03 c¢m). This pro-
vided a conducting interface between the panel and the
shielded enclosure cover plate for effective attenuation
of the Radio Frequency Interference (RFI) signal re-
ceived in the enclosure from the external source.

The first test series, butted plates (Figure 1), con-
sisted of varying lengths of unwelded seam (Table 1).
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Table 1

Procedural Data for Butted Plates
(Test Series 1)

Table 2

Procedural Data for Slotted Plates (Test Series 2-Slots
1/16 in. or 0.16 cm Wide)

Calculated Calculated
Specimen  Test  Slot Length, Resonant Frequency Specimen Test  Slot Length, Resonant Frequency
Number  Order in.(cm)  (TEg Rectangular Mode) Number Order in. (cm)  (TEg] Rectangular Mode)
I 1 0.15 1 6 0.16S
( 0.38) (0419)
2 5 0.31 10 GHz* 2 4 0.345 9.09 GHz*
( 0.79) ( 0.876)
3 1 0.59 10 GHz 3 10 0.645 9.09 GHz
( 1.50) ( 1.638)
4 10 1.18 10 GHz** 4 1 1.300 2.27 GHz;* 9.09 GHz**
( 3.00) ( 3.302)
5 4 207 s 8 2225
( 5.26) ( 5.652)
6 3 2.36 25GH:z 6 7 2.595 2.27GHz
(599 { 6.591)
7 13 2.66 7 9 2915
( 6.76) ( 7.404)
8 8 324 8 3 3.545
( 823) ( 9.004)
9 9 354 9 5 3.885
( 899) ( 9.868)
10 6 4.72 2.5 GHa** 10 2 §.170  2.27 GHz;** 568 MHz*
(11.99) (13.132)
11 14 9.44 11 13 10405 568 MHz
(23.98) (26.429)
12 2 11.51 12 11 11.665
(29.24) (29.629)
13 7 11.80 500 MHz 13 12 12.020
(2997 (30.531)
14 12 12.10
(30.73) *Anti-resonance

*Anti-resonance
%*Second-order resonance

To insure that no sprayed tin lay in the slots, concen-
trated HC! was dripped onto each slot. Since the re-
action of tin and HCI creates H, gas and a salt of tin
and chlorine, the treatment was applied until no evolu-
tion of H, gas was noted. Seepage of HCI throughout
each slot was noted.

The second test serics, slotted plates (Table 2), used
the plates from the first series with 1/16-in.(0.16 cm)
wide slots (Figure 2) milled to the same length as the
butted slot length tested in the first series. The third
test series, wideslot plates (Table 3), used the same
plates with the three smallest slots widened to 3/16-in.
(048 cm) (to keep the slot axis horizontal) and the
rest to 1/24n.(1.27 ¢m) (Figure 3).

The fourth test series, backing-strip plates (Table 4),
was fabricated similarly to the first series, with the ad-
dition of backing strips. The strips were 2 in. x 13 in.
(5.08 cm x 33.02 c¢m) and were tack-welded to the

**Second-order resonance

panels symmetrically about the weld flaw, on the side
containing the weld root (Figure 4). The butted panel
weld did not penetrate into the strip, thus providing a
“worst case’ configuration. Since the strip was short
enough to fit inside the aperture of the shielded en-
closure cover plate to which the specimen plate was
bolted during testing, the backing strip was not sand-
wiched between the test panels and the cover plate.
The slots were covered with aluminum adhesive tape
prior to flame spraying, to prevent tin from entering
the slots,

The fifth test series, slotted backingstrip plates
(Table 5), used the plates of the fourth series with
1/164in. (0.16 c¢cm) wide slots milled as in the second
test series. Only the welded plates were slotted: the
backing strips were not.

The sixth test series, drilled plates (Table 6), con-
sisted of single holes drilled through otherwise perfect
welds (Figure 5) after flame spraying.
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*Anti-resonance

**Second-order resonance

Conduct of Tests

Each test panel was bolted over an aperture in the
shielded enclosure (Figure 6), with RFI gasket material
sandwiched between the panel perimeter and the enclo-
sure. Figure 7 shows the transmitter side of a slotted
plate boited to the shielded enclosure cover plate;
Figure 8 shows the enclosure side of the same panel.
Hardened steel bolts were used to compress the test
plate and RFI gasket to the cover plate. The bolts were
torqued to over 50 ft-lb (67.8 Nm) un:-1 no RF leakage
through the gasket could be detected by an RF “sniffer,”
or leak detector.

Afterbolting, the panels were illuminated by electro-
magnetic waves of eight different frequencies in se-
quence. The tests were made in accordance with Military
Standard 285 and Institute of Electric and Electronic

Method of Attenuation Measurements for Enclosures,
Electromagnetic  Shielding, for Electronic Test Purposes,
MIL-STD-285 (Department of Defense, June 1956).

Table 3 Table 4
Procedural Data for Wide-Slot Plates Procedural Data for Backing-Strip Plates
(Test Series 3) (Test Series 4)
Slot Slot Calculated Calculated
Specimen Test Length, Width, Resonant Frequency Specimen Test  Slot Length, Resonant Frequency
Number Order in. (cm) in.(cm) (TEQ] Rectangular Mode) Number Order in.(cm)  (TEg] Rectangular Mode)
1 11 0.165 3/16 1 10 0.15
0.419) (048) ( 0.38)
) 7 0.345 3/16 9.09 GHz* 2 9 0.31 10 GHz*
(0.876) (048) € 0.79)
3 12 0.645 3/16 9.09 GHz 3 7 0.59 10 GHz
(1.638) (0.48) € 1.50)
4 S 1.300 1/2 2.27 GHz;* 9.09 GHz** 4 2 1.18 10 GHz**
(3302) 127 ( 3.00)
5 10 2225 1/2 5 1 207
(5652 (127 ( 5.26)
6 8 2.595 1/2 2.27GHz 6 5 2.36 2.5GHz
6591 (1.27) ( 599
7 1 2915 1/2 7 8 266
(7404) (127 ( 6.76)
8 2 3.545 1/2 8 13 3.24
9.004) (1.27) ( 8.23)
9 6 3.885 1/2 9 4 354
(9.868) (1.27) ( 899)
10 3 5.170 1/2 2.27 GHz;** 568 MHz* 10 12 4.72 2.5 GHz**
(13.132) (1.27) (11.99)
11 9 10.405 172 568 MHz i1 6 944
(26429) (1.27) (23.98)
12 4 11.665 172 12 1 11.51
(29.629) (1.27M 29.249)
13 13 12.020 1/2 13 3 11.80 500 MHz
(30.531) (.27 (29.97)

*Anti-resonance
**Second-order resonance

Engineers Standard 2993; the attenuated signal re-
ceived in the shielded enclosure was measured in deci-
bels with respect to free space (uncovered aperture in
the enclosure). The electric field vector was perpendic-
ular to the slot axis of slotted test panels. Details of
the test arrangement and equipment are presented in
the previous study.* Table 7 lists the test equipment
used.

A shielded septum divided the enclosure into two
compartments, each roughly 10 ft (3.04 m) cubed.
One compartment supported the test panel and con-
tained the RF receiving antenna (Figure 9). The anten-
na cable passed through the septum to the receiver in
the other compartment. Testing personnel monitored

3Measurement of Shielding Effectiveness of High Perfor-
mance Shielding Fnclosures, IEEE Standard 299 (Institute of
Electrical and Electronic Engineers, 1969).

4K. W. Carlson, The Effect of Weld Defects on RFI Shicld-

ing Effectiveness, Technical Report M43/AD773716 (CFRL,
January 1974).
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Table 5

Procedural Data for Slotted Backing-Strip Plates
(Test Series S ~Slots 1/16-in or .16 cm Wide)

Calculated
Specimen Test  Slot Length, Resonant Frequency
Number Order in.(cm)  (TEgj Rectangular Mode)
1 9 0.15
( 0.38)
2 6 0.31 10 GHz*
€ 0.79)
3 5 0.59 10 GHz
( 1.50)
4 2 1.18 10 GHz**
¢ 3.00)
5 10 207
( 5.26)
6 7 236 2.5 GHz
(599
7 8 2.66
( 6.76)
8 11 324
( 823)
9 4 3.54
( 8.99)
10 13 4.72 2.5 GHz**
11.99)
il 12 944
(23.98)
12 1 11.51
(29.24)
13 3 11.80 500 MHz
2997

*Anti-resonance
**Second-order resonance

the signals received in the second compartment, which
was accessed by a shielded sliding door with a pneuma-
tic shielding gasket.

Experience over a number of projects has shown
that a strong resonance in the first compartment of the
shielded enclosure exists in the vicinity of S00 MHZ.
Considering tields in a closed rectangular cavity does
not explain this resonance. That theory predicts the
first normal frequency, or (110) mode, to be 10 MHz
for a 10-ft (3.04 m) cubed room.

The three highest frequencies reported in the pre-
vious study® were 500 MHz, 2.5 GHz, and 10 GHz.
However, 2.5 GHz is the top of the Maxson oscillator's
range, and the Narda oscillator is calibrated to only 9.8
GHz (Table 7). Thus the signal at 2.5 GHz was shifted

5K W. Carlson, The Effect of Weld Defects on RFI Shield-
ing Effectiveness, Technical Report M43/AD773716 (CERL,
January 1974).

Table 6
Procedural Data for Drilled Plates

(Test Serics 6)
Calculated
Circular Mode
Specimen Test Hole Diameter, Resonant at
Number Order in. (cm) 9.09 GHz
| 1 1/8
(0.32)
2 3 1/4
(0.64)
3 5 1/2
(1.27)
4 2 49/64 TEN
(1.96)
5 4 1 TMoy
(2.54)
6 6 117/64 TE))
(3.22)
7 7 119/32 ™ ]
(4.06)

to 2.27 Gllz, the signal at 500 MHz was raised to 568
MHz (2.27 GHZ + 4), and the 10 GHz signal was
lowered to 9.09 GHZ (2.27 GHz x 4) to fit within the
instruments’ calibrated ranges. Specimen fabrication
and testing was initiated on the basis of information in
the previous study (with the signal at 10 GHz shifted
to 9.5 GHz to accommodate the Narda) before this
equipment limitation was fully realized. Consequently,
the early tests were performed at the old top frequen-
cies, while later tests were performed at the new fre-
quencies. Although Tables 1 through 6 are arranged
logically according to the flaw character of their data,
the tests were performed in an experimentally conveni-
ent order: consequently, “early tests™ refers to the
actual test performance order rather than the test
serics number.

3 RESULTS AND ANALYSIS

All results are stated in decibels with respect to free
space measurements made without a test panel over the
aperture of the shielded enclosure. The electric field
vector was propagated prependicular to the axis of
welds and slots in the test panels to achieve the greatest
discontinuity in the current flow in the test panels.
This was expected to cause slots to be strong re-radia-
tors of signals, thus constituting a worst case of slot
axis orientation with respect to electric field vector.
For sufficiently small apertures {flaws) the recorded
shielding effectiveness was at the top of the receiver's
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Table 7

Equipment Used for Shielding tffectiveness Mcasurements

Dynamic
Range

(dB)

Antenna
Separation

Equipment Used

10 kHz
40 kHz

16
117

2ft(61m)

Hewlett Packard 2020 Signal Generataor

MH Electronics 2250 Power Amplifier

CERL Loop Antenna (radiating)

Stoddard NM-12AT Field Intensity Meter

Empire LP-105 Loop Antenna (receiving)

Singer 500 Shielded Enclosure Leak
Detector

200 kHz

108

21t {61 m) Hewlett Packard 606 Signal Generator

Electronic Navigation Industries 310L
Amplifier

CERL Matched Loop Antenna (radiating)

Stoddard NM-12AT Field Intensity Meter

Empire LM-105 Loop Antenna (receiving)

I MHz
30 MH:

104
103

21t (.61 m) Hewlett Packard 606 Signal Generator

Flectronic Navigation Industries 310L
Amplifier
CERL Matched Loop Antennas (radiating)
Empire NF105 Field Intensity Meter,
TA Tuning Head
Empire LP-105 Loop Antenna (receiving)
Hewlett Packard 355D Attenuator
Hewlett Packard 355C Attenuator

500 MHz
568 MHz

103
103

2m

Maxson 1141A Power Oscillator

CERL Dipole Antenna (radiating)

Empire NF105 Field Intensity Meter,
T-3 Tuning Head

Empire DM-105 T3 Dipole Antenna
(receiving)

2.27GHz
2.5 GHz

121
144

18in. (46 m) Maxson 1141A Power Oscillator

S-Band Waveguide (radiating)
Polarad RS-T Receiver

S-Band Horn

PRD Electronics 1211 Isotator

9.09 GHz
9.5 GH2

115
111

12in. (.30 m) Narda 18500B RF Power Pulser

X-Band Waveguide (radiating)
Polarad RX-T Receiver
X-Band Horn (receiving)

11
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dynamic range. Consequently, the actual shielding cf-
fectiveness of the tlaw may have been greater than
recorded. The dynamic range of instrumentation and
specified minimum shielding effectiveness are shown as
functions of frequency in Figure 10. (The dynamic
range is also the shielding cffectiveness at zero flaw
size, shown in the remaining figures.) The dynamic
range was at least 24 dB above the specified minimum
shielding effectiveness.

Shielding effectiveness data for a sound weld are
also shown in Figure 10. These data are below the dy-
arnie rahige only at ihe extseme- e quencies, 10k
and 9 GHz, and are always over 100 dB shielding ef-
fectiveness. Carlson’s data® for a sound weld are also
shown in the figure. Those data are at the dynamic
range stated in the Carlson report for almost all the test
frequencies. Moreover, those data are in general higher
than the data obtained in this study, due to the greater
dynamic range obtained in Carlson’s work. Why the
ranges differ is uncertain.

The data for each test series are divided into two
groups by frequency to simplify graphing. Figures 11
and 12 present shielding data for butted plates. The
data are somewhat paired: 10 and 40 kHz, 200 kHz
and 1 MHz, 30 and 500 MHz, and 2.5 and 9.5 GHz.
The data as functions of frequency are generally not
monotonic, but have many extrema. Table 1 and
Figure 12 show that none of the calculated resonances
and anti-resonances were observed. The data for 200
kHz and higher frequencies are virtually constant for
slot lengths less than about 3.5 in. (8.89 cm), indicating
that the actual shielding effectivenesses of such small
flaws exceeded the instrumentation’s dynamic range.
Three transition flaw sizes can be determined for the
three minimum specified shielding effectiveness levels
and associated frequency ranges presented in Figure 10.
Table 8 presents these transition flaw sizes and the fre-
quencies at which they were noted.

One may suppose that the more tightly butted
plates will have better conductivity and permeability
across the slot width than those that are less tightly
butted. This tightness was an uncontrolled fabrication
factor, which may account for some of the extrema
observed. However, this effect can be considered in-
fluential only when all the shielding data at a given
slot length rise or fall sharply, reflecting a respective

Sk w. Carlson, The Effect of Weld Defects on RFI Shicld-
ing Effectiveness. Technical Report M43/AN773716 (CERL,
Januarv 1974).

tightness or looseness of the jont relative to that ot
adjacent slot lengths, This s based on the observation
that a tightly butted sloi will shicld better than a
loosely buttied one,aegardless of the frequency. The
frequency-independent drop in shiclding effectivencss
at a slot length of 4.7 in. (1194 cm) obscrved in
Figures 11 and 12 may be due to the joint tightness
factor.

Also shuivwn in Fipgres 1] and 12 aee Carlson’s data
on gapless, unwelded segments of 1-, 4-, and 12-in.
(1.27-, 10.16-, and 3048 cm) lengths, his specimens
Pl P2 and P-3. wespectively. Thow date aee well i
bedded in the data obtained in this study and are some-
what similarly paired by frequency. Agreement be-
tween the two sets of data is tolerable at 10 kHz, 200
kHz, and 1 MHz, but is generally not good at other
frequencics.

Figures 13 and 14 present shiclding data for slotted
plates. The data in Figure 13 show a strong trend of de-
creasing shielding effectiveness with increasing slot
length. The data are very closely grouped, indicating a
distinct insensitivity of shielding to frequency. The
data of 30 and 568 MHz generally run with the lower
frequency data. However, the data at 2.27 and 9.09
GHz form a band separate from the other data. First-
order resonances at 9.09 and 2.27 GHz were observed
at the calculated resonant slot lengths of ~0.6 in.
(1.52 cm) and ~2.6 in. (5.16 cm), respectively, as evi-
denced by the sharp drops in shielding effectiveness at
those slot length-frequency combinations (Table 2 and
Figure 14). The slight dip at 104 in. (2642 cm) and
568 MHz may also be due to a first-order resonance.
No second-order resonances or anti-resonances were
observed. None of the data in Figures 13 and 14 ex-
ceeded the dynamic range. The three transition flaw
sizes are reported in Table 8. The effect of slots in the
GHz range has been discussed by Jarva.”

Data for the Carlson specimen P-4 with a slot 1 in.
(2.54cm) long by 006 in. (.15 cm) wide are also re-
ported in Figures 13 and 14. These data agree with
the data obtained in this study except at the two high-
est frequencies. Since 1in. (2.54 cm) is not a first-order
resonance for either 2.5 or 10 GHz, the shielding data
from Carlson’s specimen should be better than the
near-resonant data at 2.27 and 0.09 GHz.

7W. Jarva, “*Shielding Tests for Cables and Small Fnclosures
in the 1- to 10-GH, Range.” IEEE Trans. Electromagnetic
Compatibility. Vol 12 No. 1 (1970), pp 1224
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Table 8

Treansition Flaw Sizes for Various Test Geometries

Transition Flaw Size by Shielding L.evel

Flaw Type 70 dB (S. 200 kHz) 80 dB (200 kHz < 3 GHz) 60 dB ( 2> 3 GHz)
Butted Plate 4.7in. @ 10 kHz 94 in. @ | MHz 4.7in. @ ~9 GHz
(11.94 ¢m) (23.88 cm) (11.94 ¢cm)
Slotted Plate 1.9 in. @ 10 kHz 0.6in. @ ~2GHz 0.3in. @ ~9 GHy
(4.83 cm) (1.52 ¢cm) (0.76 ¢cm)
Wide-Slot Plate 1.3in. @ 10 kHz 04in. @ ~2GHz 0.4in. @ ~9GH,
(3.30 cm) (1.02 cm) (1.02cm)
Backing-Strip Plate 4.7 in. @ 10 kHz 44in. @ ~2GHz 4.7 in. @ ~9GHz
(11.94 ¢cm) (11.18 cm) (11.94 cm)
Slotted Backing-Strip Platc 2 in. @ 40 kHz 03in. @ 1 MHz & 2 GH2 0.3 in. @ ~9GHz
(5.08 ¢cm) (0.76 cm) (0.76 ¢cm)
Drilled Plate " lin.@ 10 kHz 03in. @ ~2GHz 0.3in. @ ~9GHz
(2.54 cm) (0.76 cm) (.76 cm)

Shielding data for wideslot plates are shown in
Figures 15 and 16. The three lowest frequencies in
Figure 15 form a very narrow band; the fourth fits
well among them except at one point. In Figure 16,
the data fall into two bands by frequency. Using Table
3 with Figure 16 shows that the data for 2.27 and 9.09
GHz fall rapidly until their first resonant slot lengths
are reached. Thereafter, the data vary little. Data at
lower frequencies display the expected decrease in
shielding with increasing slot length. The three tran-
sition flaw sizes are recorded in Table 8. No second-
order resonances or anti-resonances were observed.

Shielding data for the backing-strip plates are pre-
sented in Figures 17 and 18. The data in Figure 17 fall
into a band somewhat broader than observed at these
frequencies for other test series. Data for 200 kHz and
1 MHz are at the dynamic range for slot lengths up to
3.6 in. (9.14 cm). In Figure 18, the data at 30 and 568
MHz are almost entirely independent of slot length,
while the data at 2.27 and 9.09 GHz are grouped into a
generally narrow band. Both frequencies in this band
drop sharply at a slot length of 0.15 in. (0.38 cm):
this is about one-fourth the size calculated for first-
order resonance. Since the actual two highest frequen-
cies differed from those for which the resonant slot
lengths had been designed, no resonances were ob-
served. The three transition flaw sizes are given in
Table 8.

Figures 19 and 20 show the shielding data for the
slotted backing-strip plates. The data in Figure 19 form
a well-defined band, while the data in Figure 20 form

13

two bands by frequency. The data at 30 and 568 MHz
are at the dynamic range for slot lengths up to 1.2in.
(3.09 cin). The data for the top two frequencies drop
quickly with increasing slot lengths, but the slot length
at minimum shielding effectiveness does not agree with
caiculated values. The three transition flaw sizes are
shown in Table 8.

Shielding data for drilled plates are presented in
Figures 21 and 22. The data in Figure 21 form a single
band, while the data in Figure 22 form two bands. The
data at 30 and 568 MHz are at the dynamic range for
hole diameters up to % in. (1.27 cm). The data for 2.27
and 9.09 GHz are near the dynamic range for hoie
diameters up to 1/8 in. (0.32 cm): the data fall as the
diameter increases heyond 1/8 in. (0.32 c¢m). Table 6
and Figure 22 show that the shielding is very low for
the first four resonant modes at 9.09 GHz. The effect
of holes in the GHz range has also been discussed by
Jarva® The three transition flaw sizes are shown in
Table 8.

Data from Carlson's “drilled plate™ specimen having
a 1/16 in. (0.16 cm) diameter hole are given also in
Figures 21 and 22. Those data agree fairly well with
the data obtained in this study.

Data from Figures 11 through 16 can be compared
by progression of defect width. Tightly butted plates

8W. Jarva, “Shiclding Tests for Cables and Small Unclosures
in the 1- to 10-GHz Range.” IEEE Trans. Flectromagnetic
Compatibility, Vol 12, No. 1 (1970), pp 12-24.
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(Figures 11 and 12) had no detectable resonance; their
data generally fell in a broad band. Plates with a nar-
row discontinuity (Figures 13 and 14) displayed re-
sonances: their data fell into a fairly narrow band. As
expected, plates with wide discontinuities (Figures 15
and 16) generally had lower shiclding effectiveness at a
given slot length than those with narrow slots, However,
some wide slots did have greater shielding effectivencss
than some narrow slots of the sume length.,

The effect of a tacked backing strip is mixed. Tran-
sition flaw size was not significantly affected below
200 kHz or above 3 GHz. However, use of backing
strips halved the transition flaw size in the 200 kHz-3
GHz range (Table 8). The gap between the backing
strip and plate may have produced a resonant condi-
tion at these intermediate frequencies.

4 coNCLUSIONS AND
RECGMMENDATIONS

Conclusions

The data obtained in this study and the Carlson
study show that sound welds have a shielding effective-
ness far above the minimum specified levels.

Plates having unwelded but tightly butted seams
over a moderate length still have very good shielding
effectiveness. Lengths up to 4.7 in. (11.94 c¢cm) pro-
vided at least 60 dB shielding at all test frequencies.
While these defects do allow some radiation to pass,
they are ingapable of resonant radiation due to the
high quality of electrical conductivity afforded by the
tight butting. When the seam forms a slot of finite but
small width, resonant radiation is observed, and shield-
ing is seriously degraded at key combinations of fre-
quency and slot length. Shielding to 60 dB for slot
flaws can be assured only for flaw lengths under 0.3 in.
(0.76 ¢m). Increasing slot width at a fixed slot length
and radiation frequency does not necessarily degrade
the shielding: it may improve. The general increase in
aperture area tends to obscure resonance as slot width
increases. Thus, tight cracks or other forms of one-
dimensional weld defects will not compromise the
shiclding effectiveness to less than 60 dB if the defect
does not exceed 4% in. (1143 cm).

Backing strips placed over scams with unwelded
lengths have little effect below 200 kHz and above 3
GH.. Between 200 KHe and 3 uHL,ba\.l\ills suips may
halve the tolerable defect length.

Plates having holes as targe as 0.3 in. (0.76 ¢m) can
still afford at least 60 dB shiclding at all test frequencies.
Larger holes can also assure good shiclding at selected
frequencies. Thus, porosity or other spheroidal weld
defects will not compromise shiclding effectiveness to
less than 60 dB if the defect’s major dimension in the
plane of the plate does not exceed 0.3 in. (0.76 cm).

No sharp increases in shiclding cftectiveness were
observed at those slot lengths for which anti-resonance
was predicted. Consequently, it is doubtful that such a
phenomenon occurs. No second-order resonance was
observed.

Figures 12 and 18 show that very high shielding cf-
fectiveness existed at 300 ~ 500 MHz over a broad
range of butted plate defect lengths. The shape of the
shielded enclosure used may have permitted the high
shielding effectiveness over this frequency range. If so,
it may be possible to design a shiclded enclosure that
offers high shiclding effectiveness due to its geometrical
character. Schulz and his associates® have attributed
resonance in the 5 to 200 kHz range in typical shielding
enclosures to a difference in phase retardation between
a path through the shielding material and a path
through seams. Schulz also observed that scam effects
are negligible below S kHz, significant between 50 kH/
and 5 MHz, and predominant (along with cavity
resonance and material configuration) above 5 MHz.'°

Recommendations

Shiclding specifications should be changed to incor-
putate the technical aspects of this report and should
permit acceptance of welds that have been visually in-
spected and found to contain no flaws in excess of the
critical flaw sizes. Table 8 can be used to establish in-
spection and acceptance criteria for SAFEGUARD-
type facilities.

The apertures affording tolerable shielding effective-
ness were all easily detected visually. Hence, welds
need only be visually inspected: radiographic or mag-
netic particle inspection is not necessary. Porosity that
is not open to the surface need not be a concerr

IR, 8. Schutz, V. €. Paitz, and D R Biash, “Lowd re-
quency Shielding Resonance,” IEEE Trans. Electromagnetic
Compatibility, Vol 10, No. 1 (1968), pp 7-15.

lOR. B. Schulz, ;. C. Huang, and W. L. Williams. “RI
Shiclding Design,” IEEF Trans. Electromagnetic Compatability,
Vol 10, No. 1 (1968), pp 168-175.
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Due 1o the sirong shielding eftectiveness encoun-
tered methe neighhorhood of 500 MHz, effort should
be made 10 develop design principles tor shielded en-
closure shapes that offer high shiclding eftectiveness.
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a. Shielded enclosure side

b. Transmitter side

re 1. Butted plate with 12.1-in.(30.73 cm) slot fenath.
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Figure 2. Slotted plate with slot 944 in. (23.98 ¢m) long and 1/16 in. (0.16 ¢cm) wide-

shielded enclosure side.

Figure 3. Wide=slot plate with slot 3.54 in. (8.99 ¢m) long and 1/2 in. (1.27 cm) wide-
shielded enclosure side.



a. Shielded enclosure side

b. Transmitter side showing tacked backing strip

-

Figure 4. Backing-strip plate with 3.54-in. (8.99 cm) long slot.
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Figure 5. Drilled plates shielded enclosure sides. Hole diameters are 1 17/64 in. (3.22 cm)
(left) and 1/4in. (0.64 cm) (right).

Figure 6. Shielded enclosure with cover plate over test panel and door into one of two
compartiuents,
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Figure 7. Transmitter side o test panel bolted vver aperture of shiclded enclosure.
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Figure 8. View of same panel from within the shiclded enclosure.
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Figure 9. Receiving antenna positioned before test panel. Shielded septum (right) passes
antenna cable to receiver in adjacent compartment.
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